We carry out a parametric study in order to identify and quantify the effects of uncertainties on pivotal parameters controlling the dynamics of volcanic plumes. The study builds upon numerical simulations using FPLUME, an integral steady-state model based on the Buoyant Plume Theory generalized in order to account for volcanic processes (particle fallout and re-entrainment, water phase changes, effects of wind, etc). As reference cases for strong and weak plumes, we consider the cases defined during the IAVCEI Commission on tephra hazard modeling inter-comparison study (Costa et al., 2016). The parametric study quantifies the effect of typical uncertainties on total mass eruption rate, column height, mixture exit velocity, temperature and water content, and particle size. Moreover, a sensitivity study investigates the role of wind entrainment and intensity, atmospheric humidity, water phase changes, and particle fallout and re-entrainment. Results show that the leading-order parameters that control plume height are the mass eruption rate and the air entrainment coefficient, especially for weak plumes.
Introduction

A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
obtain the source term through coupling with 1D integral plume models, which 10 describe the plume dynamics depending on vent and atmospheric conditions.
11
As a result, uncertainties in plume modeling (e.g. in vent conditions, state of 12 the atmosphere, or implicit in the plume model parameterizations) result in un-
13
certain Eruption Source Parameters (ESPs) and propagate to TTDMs strongly 14 affecting its accuracy.
15
We perform a parametric and a sensitivity study to quantify how typical 
Governing Equations
50
The equations solved by FPLUME up to the NBL are obtained assuming 51 steady-state cross-section averaged equations for axisymmetric plume motion in 52 2 2 ) is the total energy flow rate,Ĥ is the enthalpy flow rate of the mixture,
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66T
=T (Ĥ) is the mixture temperature,M a is the mass flow rate of dry air,M w =
67M
x w is the mass flow rate of water, x w is the mass fraction of water (including 68 water vapor, liquid and ice, i.e. x w = x v +x l +x s ),M i =M x p f i is the mass flow 69 rate of particles of class i (i = 1 : n where n is the number of particle classes),
70
x and y are the horizontal coordinates, z is height, s is the distance along the 71 plume axis and Φ a is the horizontal wind direction (azimuth A C C E P T E D M A N U S C R I P T
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9 + n first order ordinary differential equations in s for 9 + n unknowns:M ,P , 81 θ,Ê,M a ,M w ,M i (for each particle class), x, y and z. Please, note that the last 82 term in eq. (1b) represents the change in stream-wise momentum due to loss or 83 re-entrainment of the particles. However, while particles leave the column with 84 velocityû, re-entrained particles enter with the velocity of the environment air.
85
For simplicity, the difference between outgoing and ingoing particle velocity is 86 not taken into account and we assume that re-entrained particles enter the plume 87 with velocityû. However, such an assumption introduces in the momentum 88 balance equation a negligible error (less than a few percent in the investigated 89 cases).
90
The enthalpy flow rate of the mixture is a non-decreasing function of the 91 temperatureT , given by:
where h v , h l and h s are, respectively, the enthalpy per unit mass of water vapor,
93
liquid and ice:
where c s = 2108 J K −1 kg −1 is the specific heat of ice, T 0 is a reference tem- that the pressure inside the plume P is equal to the atmospheric pressure at the 109 same altitude (z).
110
The model uses a pseudo-gas assumption considering that the mixture of air 111 and water vapour behaves as an ideal gas:
where P v and P a are, respectively the partial pressures of the water vapour and 
where d i is the class particle diameter and 
where f io is the mass fraction of class i at the vent.
139
Alternatively, equations can also be solved given the plume height rather height approximates the required value within a specified tolerance (≈10 m).
143
The search algorithm is based on the bisection method. However, although 
162
The parametric study consists on a series of runs varying the model input pa-163 rameters one at a time. When possible, the rest of the parameters are kept con-164 stant as in the reference case (see Table 3 ) or are modified for ensuring a physical 165 consistency. In particular, at the vent, the mass eruption rateM o , the density 166 of the mixtureρ o =ρ 0 (P 0 ,T 0 , x w0 ), the exit velocityû 0 =û 0 (P 0 ,T 0 , x w0 ) and 167 the vent radius r 0 are related by the relationship:
where P 0 is the pressure at the vent, assumed equal to the atmospheric pressure
169
at the same quote. In this study, unless otherwise specified, when a single The grain size distributions for both strong and weak plumes were assumed Table 4 . However, in order to 188 explore the role of particle size we also considered additional runs with a single 189 particle class varying ±6Φ with respect a reference value of Φ = 2 (250 µm). at the vent (see Table 3 ). In the investigated range of MER, the vent radius 
Effect of vent radius variations on height
208
The effect of the variation of the vent radius on the column height is implic- and from 24 to 32 m for the weak plumes. The temperature and the water 238 mass fraction at the vent was kept constant (see Table 3 ). As observed, column for an exit velocity of 207 m/s, corresponding to a MER of 1.13 × 10 9 kg/s.
250
The effect of exit velocity on column collapse was previously described by In addition to the parameters described above, the height of the volcanic 
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represented by eq. (1g) and (6). In this work, the effect of these processes (phase 358 changes, entrainment of moisture, and particle fallout and re-entrainment) was 359 investigated by turning off one process at a time and comparing with the refer-360 ence runs. As observed in Figure 9 n a Molar fraction of air in the gas phase -n v Molar fraction of vapour in the gas phase -P Axial (stream-wise) momentum flow rate kg m s A C C E P T E D M A N U S C R I P T Constant giving the probability of fallout - Table 4 : Total particle grain size distribution at the vent for strong and weak plumes discretized in n=14 classes. The Φ units are defined so that the particle diameter (in mm) is d = 2 −Φ . The sphericity parameter Ψ is assumed equal to 0.9. The mean particle densities are 2646.3 and 2414.4 kg/m 3 , respectively for the strong and the weak plumes. Figure 1 : Variation of the column height as function of the mass eruption rate (MER) for the strong (top) and weak (bottom) plumes without (left) and with (right) wind. The top and right axes indicate, respectively, the relative MER variation with respect to the reference value (1.5 ×10 9 and 1.5 ×10 6 kg/s for strong and weak plumes respectively) and its effect on the column height. Note that, in absence of wind, the column collapses for MER larger than about 4.9 ×10 9 kg/s. For the strong plume case (red lines), the small bumps in the left part of the plots are due to the effect of water phase change. 
E Energy flow rate J s −1 f i Mass fraction of particle class i -g Gravitational acceleration m s −2 h Column height m h l Enthalpy per unit mass of liquid water J kg −1 h s Enthalpy per
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A C C E P T E D M A N U S C R I P T Figure 5 : Variation of column height with initial water content for the strong (top) and weak (bottom) plumes without (left) and with (right) wind. The top and right axes indicate, respectively, the variation of water content with respect to the reference values (5 and 3% for strong and weak respectively) and its effect on the column height. Mass eruption rate, exit velocity and temperature are kept fixed, whereas vent radius is allowed to vary.
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A C C E P T E D M A N U S C R I P T Figure 6 : Variation of column height with particle grain size for the strong (top) and weak (bottom) plumes without (left) and with (right) wind. Note that one single class is assumed in these particular runs. The top and right axes indicate, respectively, the variation of class size with respect to a reference value (Φ = 2) and its effect on the column height. Figure 9 : Variation of the column height as function of the mass eruption rate (MER) for the strong (top) and weak (bottom) plumes without (left) and with (right) wind. The reference simulations (green lines) are compared with those obtained by neglecting particle fallout (red lines), atmospheric humidity (blue lines) and the water phase change (black lines). Note that, in absence of wind, the column collapses for MER larger than about 5 ×10 9 kg/s. The small bumps in the left part of the plots (zoomed areas) are due to the effect of water phase change.
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-We perform a sensitivity study on input parameters of a volcanic plume model -Effects of input parameter variation on plume model results were estimated -Effects on entrainment parameter variation and wind intensity was estimated -Typical uncertainty on mass flow rate and plume height estimation was assessed
